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that the ASC will alleviate. Although minimal slip should occur throughout with 

increased load, once the steel-concrete bond is broken, the load would be carried by the 

ASC. 

An attempt to quantify the amount of composite action is illustrated in Fig. 5.10. 

In this figure, an experimental load versus deflection curve is compared to theoretical 

composite action and non-composite action deflection curves. The non-composite graph 

was determined by using the moment of inertia for the two steel beams only, and 

assuming the concrete acted only as dead weight. 

Similarly, the composite deflection curve was determined using the moment of 

inertia of the entire section. The concrete area was modified into an equivalent steel area. 

The theoretical load deflection curves were determined using the moment of inertia 

values, the geometry of the test set-up, and basic load-deflection relationships. 

In theory, the load versus deflection data for the composite beam should fall 

between the theoretical values for complete composite action and non-composite action. 

If the specimen behaved as expected, the structure should initially respond more like a 

composite structure, as the concrete and the steel should have adequate bond. However, 

as the load increases, the steel-concrete bond would weaken and the concrete in tension 

would crack, causing the structure to behave increasingly as a non-composite structure. 

As can be seen in Fig. 5.10, the structure initially responded as a composite beam. 

At a load of approximately 22 kN ( 5 kips) per load point, the structure began to make the 

transition to non-composite behavior, indicating that the bond between the steel and 

concrete had been weakened. At a load of approximately 67 kN (15 kips), the beam acted 

basically as a non-composite structure, with the concrete providing minimal composite 

action. 

5.2.2 Four-Beam Specimen 

5.2.2.l Experimental Results 

Service and ultimate load tests described in Chp 3 were performed on the four-beam 

specimen described earlier. The goals of these tests were to: (1) determine the 
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service load distribution characteristics of the system, (2) determine the ultimate load 

capacity of the specimen and its mode of failure, and (3) to collect sufficient behavioral 

data to validate an analytical model which could accurately predict the behavior of the 

BISB. 

Although a large number of tests were performed and a large amount of data 

recorded per test, only limited results are included in this report. The results included, 

however, are representative samples of all of the data collected. Illustrated in Fig. 5.11 are 

the centerline deflections and strains from Test Al for Beams 1, 2, and 3. As was 

disctissed in Chp 3 and shown in Fig. 3.6, Test Al consisted of a single point load applied 

on an exterior steel beam and positioned 1,500 mm ( 4 ft - 11 in.) from the pin support. 

Some electrical noise in the strain gage data (variation in the data at regular intervals) is 

apparent; this degree of noise appeared in all strain gage data in all of the tests. For this 

reason, most of the subsequent data presented are deflection data. Although there is noise 

in the strain data, trends in behavior are clearly visible. A linear regression was 

performed on all strain data to eliminate the noise variation. In subsequent plots when 

strain data are presented, regression values rather than actual values are presented. 

To investigate the load distribution characteristics of the BISB, the deflections at 

the quarter point, three eighths point, and centerline were plotted for each test at a 

magnitude of load of 89 kN (20 kips). In each figure, there are seven curves which are 

the results of seven different tests with the load located at the same section of the span, 

but at seven different transverse locations. Figures 5.12, 5.13, and 5.14 show the results 

with the load at Sections 1, 2, and 3, respectively. In each of these figures, the deflections 

at the quarter point, three eighths point, and centerline are presented. These data indicate 

that the BISB is behaving symmetrically about the centerline of the cross section, and the 

deflection of a given beam changes in a nearly linear fashion as the load moves from one 

side of the cross section to the other (i.e., from section A to section G). 

The results ofthe ultimate load test are shown in Figs. 5.15 and 5.16. Figure 5.15 

shows the deflection at the quarter point, three eighths point, and centerline. The load 

deflection curve is nearly linear until 1.33 MN (300 kips) of total load are applied. 

Similarly, Fig. 5.16 illustrates that strains are nearly linear until the load exceeds 1.33 

) 

) 

) 

) 

) 
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MN (300 kips). Both the deflection and strain curves become nonlinear at loads greater 

than 1.33 MN (300 kips). The non-linear behavior is most likely the result of two 

processes: yielding of the steel and the cracking of the tension concrete. Cracks became 

visible between the concrete and the steel at 1.33 MN (300 kips). When the loading 

apparatus was removed, additional cracks were visible around the holes through which 

the loads were applied. The maximum load applied to the specimen was 1.65 MN (370 

kips), which resulted in a maximum deflection of 103 mm (4.06 in.) at the centerline. At 

this point, the bottom of the BISB specimen was in contact with the Dywidag bars used 

to anchor the test apparatus to the tie-down floor. Continuation of the testing required the 

disassembly of the entire loading apparatus and the repositioning of the BISB specimen. 

For all practical purposes, the specimen failed; thus, the test was terminated. 

5. 2. 2. 2 Comparison of Experimental and Analytical Results 

Based on the results of the sensitivity studies discussed in Chp 4, a grillage model 

of the four-beam BISB laboratory specimen was developed for comparison with 

experimental data. The model used a transverse beam spacing of51 mm (2 in.). The 

connection between the transverse beams and longitudinal beams was modeled as fixed 

and the longitudinal beams were modeled as simply supported at the ends. The 

transverse beams were modeled using the full contributory area of the concrete section 51 

mm (2 in.) wide with a height of267 mm (10.5 in.) and the modulus of elasticity of 

concrete. The longitudinal members were modeled using the transformed value of the 

full contributory concrete width, 4.25 x 108 mm4 (1,020 in4
) for the flexural moment. The 

torsional moment of inertia used was 6.24 x 107 mm4 (150 in\ The longitudinal beams 

used a modulus of elasticity of steel. 

Figures 5.17 and 5 .18 show a comparison of experimental and theoretical 

deflections (i.e., those obtained from the analytical model) for Tests Al and C3. These 

tests were chosen to show the differences between the analytical and the experimental 

results when the load is at an edge beam (Test Al) and on an interior beam (Test C3). 
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Fig. 5.18. Comparison of experimental and analytical results for BISB Test C3. 
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These figures show that the model gives results closer to experimental when the 

load is placed on exterior beams. For all cases, the analytically predicted deflection is 

within 15% of the experimental result. 

5.3 Composite Beam Test Results 

The composite specimen tests consisted of service and ultimate load tests of four 

specimens. Both the details of the specimens and their instrumentation were presented in 

Chp 2. These tests were performed to determine:(!) the service level strength of the 

cross sections, (2) the degree of composite action between the concrete and steel for each 

section under service level conditions, and (3) the ultimate strength and type of failure. 

The results of the service level tests for Specimen 1 are illustrated in Fig. 5.19. 

The strain at the centerline and the deflections at the quarter point, three eighths point, 

and centerline are shown in Figs. 5. l 9a and 5 .19b, respectively. It can be seen that both 

the strain and the deflection increased linearly with load. The strain across the section 

depth is shown in Fig. 5. l 9c. The theoretical location for the neutral axis, assuming 

"complete" composite behavior, was calculated and is also shown. Because the strain 

across the section depth is nearly linear for each load level, and also because the 

experimental and theoretical neutral axes are nearly the same, it is assumed that complete 

composite action existed during the service level tests. Based on these sets of data, it is 

concluded that the ASC used in the specimen was effective in creating composite action 

between the concrete and the steel. 

As noted in Chp 2, Specimens 2 and 3 were the same. Some unexplainable test 

results were observed in the testing of Specimen 2; thus, Specimen 3 was fabricated to be 

identical to Specimen 2 and tested to provide additional data. Figure 5 .20 shows a plot of 

both deflections and strains for Specimens 2. From these graphs, it appears that the 

longitudinal flexural stiffness of Specimen 2 decreased after 44.5 kN (I 0 kips) ofload 

were applied. 

However, this change in stiffness is suspicious to the researchers for a couple of 

reasons. In general, a change in longitudinal flexural stiffiless could be caused by one of 
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two things: inelastic behavior or loss of composite action. Inelastic behavior is unlikely 

in this specimen because the strains in both the concrete and steel were within their 

respective elastic ranges when the behavior changed. Additionally, inelastic behavior 

causes permanent deformation of the material. No permanent deformation occurred in 

the specimen, and the change was abrupt and occured in several service load tests of the 

specimen and the ultimate load test. The second explanation, loss of composite action, 

would correspond to a change in the location of the neutral axis; no change in the neutral 

axis was observed. 

The only logical explanation for the behavior observed is an error in the 

measurement of the applied load. Such an error would explain strain and deflection 

curves; it is also likely that an electrical or mechanical error would repeat in each test, as 

was observed. Since the results of Specimen 2 are unexplainable, they are not used for 

comparison in the following sections. However, a comparison of strains and deflections 

for Specimens 2 and 3 were made and are illustrated in Fig. 5 .21. Both the strain and 

deflection curves are similar up to the load of 44.S kN (10 kips). The location of the 

neutral axis is the same for both specimens for a 89 kN (20 kips) load. This provides 

further verification that the error in Specimen 2 data was the result of an error in the 

measurement of the applied load. 

The service test results for Specimens 3 and 4 are shown in Figs. 5.22. and 5.23, 

respectively. Both of these specimens exhibit linear behavior based on both deflection 

and strain data. Because similar behavior is inferred by both the strain and the deflection 

data, only deflection data are present in the rest of this section. As with Specimen 1, the 

strain across the section depth was nearly linear and the experimental location of the 

neutral axis agreed closely with the theoretical location. This indicated that both the ASC 

and the shear stud connector created composite action between the concrete slab and the 

steel beam. 

Centerline deflections for Specimens 1, 3, and 4 are compared in Fig. 5.24. As 

shown in Fig 5 .24a., the specimens have different longitudinal flexural stiffnesses, 

Specimen 4 having the greatest and Specimen I having the least. When the deflection 

data are modified for the variation in longitudinal flexural stiffnesses (see Fig 5.24b.), the 
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three specimens exhibit the same deflection behavior. The modifications are based upon 

the cross sections exhibiting complete composite behavior. Also shown in Fig 5.24b, 

assuming simple support conditions, is the theoretical load deflection curve for Specimen 

1 based upon the calculated longitudinal flexural stiffness. The excellent agreement of 

these four curves (three experimental and one theoretical) indicates "complete" composite 

action and elastic behavior in all three specimens. 

The centerline deflections in the ultimate load tests are shown in Fig. 5.25. As in 

Fig 5.24, "as tested" data are presented as well as adjusted data. Data in Fig 5.24b was 

adjusted assuming the specimens behaved elastically throughout the testing. This 

explains why the deflection curves in Fig. 5.25b began to diverge after approximately 267 

kN (60 kips) have been applied. The specimens began to behave in a nonlinear fashion 

and the assumption of elastic behavior was no longer valid. As stated in Chp 2, during 

each of the ultimate load tests, the stroke limit of the hydraulic cylinders was reached. In 

order to continue loading to failure, the load was removed and the load assembly was 

modified in order that additional load could be applied. The ultimate load and 

corresponding deflection at the centerline for each specimen was: 363 kN (81.7 kips) and 

150 mm (5.92 in.) for Specimen 1, 372 kN (83.5 kips) and 159 mm (6.27 in.) for 

Specimen 3, and 447 kN (100.5 kips) and 198 mm (7.79 in.) for Specimen 4. Ultimate 

failure of each specimen occurred when the concrete failed in compression. 

5.4 Field Bridge Test Results and Analysis 

5.4.1 Field Bridge Results 

Figures 5.26 - 5.33 present the deflection results for each of the eight tests 

completed, and the moment fraction based on recorded strain data. The deflection data 

includes readings when the rear tandem axles of the truck( s) were positioned at the 

quarter point, centerline, and three-quarter point of the bridge. The moment fraction is 

calculated based only on the eight beams in a cross-section that were instrumented for 

strain. As discussed previously, the actual moment fraction carried by each beam could 

be approximated by dividing the moment fraction in the various graphs by two. This 
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Fig. 5.31. Deflection and moment fraction data for Test 6. 
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Fig. 5.32. Deflection and moment fraction data for Test 7. 
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would be true, assuming the strain in non-instrumented beams would be equal to an 

average of the strains in the adjacent instrumented beams. 

Overall, the deflection data indicated that the BISB was a very stiff structure both 

longitudinally and transversely. With a total load of approximately 445 kN (100 kips) 

(Test 2), the maximum deflection of the bridge was only 6 mm (114 in.). Longitudinally, 

there was very little difference in deflections when the truck was positioned at the quarter 

point or at the centerline. The maximum deflections varied by only 0.3 mm (0.01 in.). 

The large difference in the deflections when the trucks were at the three-quarter span can 

be attributed to the fact that the front axle of the truck was off of the bridge. Because 

approximately half of the weight of the trucks was positioned on the bridge, it would be 

assumed that the deflections would likewise be approximately half. This is true as can be 

seen in Fig. 5 .26a. 

Transversely, the load was very effectively distributed throughout the width of the 

bridge. As can be seen in Fig. 5 .26b, with the load centered on the width of the bridge, 

the exterior beams still resisted a significant portion of the load. With 16 beams in the 

bridge, an even load distribution would result in 6.25% of the total load being carried by 

each beam. As explained earlier, the moment fraction of 0.1 for the exterior beams in 

Fig. 5.26b represents 0.05 (5%) of the total load. This demonstrates that the concrete 

between the steel beams adequately transferred the service loads to adjacent beams. 

Symmetry of the field bridge was checked by comparing the deflections at 

midspan for Tests 4 and 7, and Tests 5 and 8. For Tests 4 and 7, the truck was positioned 

on the outermost lane of the bridge, on opposite sides. Although test vehicle 1 was used 

for Test 4 and test vehicle 2 for Test 7, the weights of the two trucks were similar; thus, a 

graph of the two tests should produce symmetrical results. As can be seen in Fig. 5.34a, 

the deflections at the center of the bridge were within 5% of each other which can be 

attributed to the different truck weights; thus, the bridge behaves symmetrically. 

Additionally, Fig. 5.34b illustrates with the trucks at midspan - one positioned in lane 2 

and one positioned in lane 4 - deflections at the center are within 5%, thereby confirming 

the symmetry in the bridge. 
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5.4.2 Comparison of Experimental and Analytical Results 

A grillage model (sec Fig. 5.35) of the field BISB was developed to allow 

comparison of analytical and experimental data. The analytical model was developed 

based on principles presented earlier in Chp 4 and with consideration to the results of the 

sensitivity study presented in the same chapter. 

The moment of inertia was calculated based on the moment of inertia of the steel 

beam plus the moment of inertia of the contributary area of the concrete, resulting in 

moment of inertia of3.50 x 108 mm4 (840 in4
) and 4.25 x 108 mm4 (1020 in4

) for the 

exterior and interior beams, respectively. The modulus of elasticity and Poisson's ratio 

were assumed to be 200 GPa (29,000 ksi) and 0.3 respectively, which are common 

properties of structural steel. 

The transverse beams were connected to the longitudinal beams by links 

(BEAM44). All data provided herein used a fixed connection for the link member. The 

links were spaced at 152 mm (6 in.) longitudinally along the entire bridge (see Fig. 5.35). 

The moment of inertia of the links was based on the contributary area of concrete 

between the steel beams, and was calculated at 175 x 108 mm4 (420 in\ The modulus of 

elasticity was input as 29 GPa ( 4200 ksi), an approximation based on the 28-day concrete 

compressive strength of the composite beam tested in the laboratory. Poisson's ratio was 

assumed to be 0.15. 

For each truck on the bridge, six concentrated loads were placed on the finite 

element model to represent the six truck wheel loads. Support conditions of the 

longitudinal beams were then modeled assuming both pinned and fixed rotational 

restraint. 

Figures 5.36-5.42 present the results of the theoretical analysis, along with the 

experimental results for each test, with the truck(s) at midspan longitudinally. Test 6 has 

been excluded since it was a repeat of Test 1, and the data were very similar. 

As described earlier, the dowels connecting the superstructure and the abutment 

provide a certain amount of longitudinal beam end fixity. It can be seen by the results in 

Figs. 5.36-5.42 that this connection more closely resembles a fixed condition than a 
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pinned condition, thus suggesting that the connecting dowels between the abutment and 

superstructure provide a significant resistance to rotation. 

Experimental and analytical moment fraction data are presented in Figs. 5.43 and 

5.44. Two typical graphs have been shown and only the fixed end condition is depicted. 

Results from Figs. 5.43 and 5.44 indicate that the finite element model predicts the actual 

BISB deflections with reasonable accuracy. 
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6. SUMMARY AND CONCLUSIONS 

In this phase of the investigation, Concept 2 - Beam-in-Slab Bridge - was 

investigated. The study consisted of several tasks. In the experimental part of the 

investigation, there were several types of static load tests: push-out tests, BISB 

laboratory tests, composite beam tests, and a BISB field test. In the analytical part of the 

study, a grillage method of analysis was used to develop analytical models of the four

beam BISB tested in the laboratory and the BISB tested in the field. 

Although previous research has led to the development of a variety of design 

equations for the shear strength of a shear hole connector, an evaluation of those 

equations indicated that friction between the steel plate and the concrete was ignored, or 

defined in terms of unknown quantities, such as the stress at an interface, which would 

make use of the equation very difficult to use in design. A series of 36 push-out tests 

were performed considering the following: hole size, amount of reinforcing steel through 

the shear holes, amount of transverse slab reinforcement, concrete strength, and number 

of shear holes. An equation was developed relating these five variables to the design 

strength of a given connection. 

The following conclusions are based on the results of the push-out tests: 

• Separation of the concrete slabs and displacement of the steel plate were 

negligible factors in the strength of the connector. 

• Three distinct phases were noted in the loading of an ASC: nearly linear 

stiffness phase, the point of maximum load, and a phase where the slip 

increases with a corresponding decrease in the load. 

• After the maximum load was attained, generally 80-90% of the maximum 

load was retained at an average slip of7.6 mm (0.3 in.). After failure of the 

concrete dowels, the friction between the concrete and steel plate and between 

cracked concrete surfaces continued to provide shear resistance. 

• The fabrication method used to create the shear holes had an insignificant 

effect on the shear strength of the connector. Thus, torched holes can be used 

with very minimal decrease in shear strength. 
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• Spacing of the holes had an insignificant effect on the shear strength of a 

given ASC if a minimum spacing of 1. 7 times the shear hole diameter was 

maintained. 

• A significant strength increase, as well as an increase in the stiffuess, was 

noted with an increase in the size of the shear hole. 

• If designed correctly, the displacement between the concrete plate and the 

steel plate (slip) will be minimal throughout service loading conditions and 

failure will occur by shearing of the concrete dowels formed by concrete 

penetrating the shear holes. 

The BISB laboratory tests of the two-beam specimen (beams spaced 610 mm (2 

ft) apart) included service load tests and an ultimate load test. The model bridge (L = 

9,150 mm (30 ft), W = 915 mm (3 ft)) was simply supported and was subjected to two

point loading. Results from the two-beam specimen tests indicated the following 

conclusions: 

• In the early stages of loading, the specimen behaved like a composite beam. 

At approximately 22.25 kN (5 kips), the specimen began to behave non

compositely, indicating that the bond between the steel and concrete had been 

reduced. At a load of approximately 67 kN (15 kips), the specimen acted 

essentially like a non-composite structure, with the concrete providing 

minimal structural strength. 

• Throughout service loading conditions, end slip was negligible. At loads 

exceeding 40 kips, the end slip significantly increased with increasing load. 

• The specimen ultimate load capacity was approximately 890 kN (200 kips) 

total for the two point loading. This was the capacity of the loading system, 

however, for all practical purposes the beam had failed as the steel had 

yielded. 

The BISB laboratory tests of the four-beam specimen (beams spaced 610 mm (2 

ft) apart) also included both service load tests and an ultimate load test in which both 

deflections and strains were measured. The ultimate load test was stopped when the steel 

beams had yielded and the limit of the testing system had been reached. A grillage model 

) 

) 

) 

) 

) 

) 

) 

) 

) 

) 

) 

) 

) 

) 

) 

) 

) 

) 

) 



133 

of the four-beam specimen was created and analytical results were compared to the 

experimental results of the service level load tests. 

The following conclusions can be made based on the four-beam specimen tests: 

• The specimen behaved nonlinearly at loads above 1.33 MN (300 kips) and 73 

mm (2.87 in.) of deflection at the centerline. 

• The ultimate load capacity the specimen was 1.65 MN (370 kips) and the 

deflection at this load was 103 mm (4.06 in.). 

• The grillage analogy model provided predictions of the specimen deflections to 

within 15% of the experimental results. 

Four composite beam specimens were tested. Specimen 1 consisted of an inverted 

T-section fabricated by cutting off a flange of a W21 x62 steel beam. The concrete slab 

was cast on the top of the inverted T-section. Specimens 2 and 3 were constructed from 

W21 x62 steel beams with their top flange imbedded into the concrete slab. The total 

depth (from the top of slab to the bottom flange of the beam) of the specimens was the 

same as Specimen 1. Specimen 4 was cast with a concrete slab cast directly on top of the 

top flange of a W21 x62 steel beam using shear studs to attain composite action. 

Specimens 1, 2, and 3 were also cast to attain composite action; however, they utilized 

the new shear hole shear connector (ASC). 

Each composite beam specimen was instrumented to measure strains and 

deflections. Each specimen was loaded three times at service level conditions using a 

two point loading arrangement, and then an ultimate load test was performed. The 

ultimate load test concluded when the concrete failed in compression at the midspan of 

the specimens. 

The results from the composite beam tests indicated the following conclusions: 

• The service level deflection of all three composite beam specimens was 

accurately predicted to within 5% by assuming complete composite action. 

• No change in the neutral axis location was observed during the service level 

tests of all three specimens. 

• The ASC shear hole shear connector is an effective shear transfer mechanism. 
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• The service load tests showed that the behavior of the composite beam 

specimen utilizing the inverted T-section can be adequately modeled using 

standard composite beam theory. 

• The load/deflection behavior of all three types of composite beam specimens 

was similar. 

A field bridge with a span length of 15,240 mm (50 ft) was load tested using two 

heavily loaded trucks. Both strain and deflections were recorded during the tests. An 

analytical model of the bridge using the grillage method of analysis was developed and 

results were compared with the experimental field bridge data. 

The results from the testing indicated the following conclusions: 

• The BISB system results in a very stiff structure both transversely and 

longitudinally (the maximum bridge deflections was approximately 6 mm (1/4 

in.) with a load of 445 kN (100 kips)). 

• Load is distributed effectively transversely throughout the width of the 

bridge. 

• Theoretical analysis results from the grillage model of the bridge when 

compared to the experimental load test data indicated that the bridge has a 

significant amount of rotational fixity at each abutment. 
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7. RECOMMENDED RESEARCH 

On the basis of the work completed in this phase of the investigation, the 

completion of the following tasks are recommended before this concept can be employed 

in a demonstration project: 

1. Additional laboratory tests are required. In these tests the following 

variables should be investigated: post-tensioning of the steel beams to 

create camber so that the system can be used on longer spans, T-sections 

fabricated from W-shaped sections, and structural plates. In all the tests, 

the ASC should be fabricated with torched holes. 

2. A limited number of cyclic tests are needed. The majority of these should 

be performed on push-out specimens; however, some should be performed 

on full-scale composite beam specimens. 

3. Using the results of the previous two tasks and the results from the Phase I 

research, two and four beam composite specimens with fabricated T

sections, ASC, and various profiles of tension concrete should be 

fabricated and tested. The tests should be service load tests as well as 

ultimate load tests. 

Assuming successful completion of these recommended three tasks, the next step 

should be to use the modified BISB in a demonstration project. 
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